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Properties of the and states of the chlorobenzene anion
determined by electron impact spectroscopy
Chollet, Nicolas and Michael
Department of Chemistry, University of Fribourg, Ch. de 9, CH-1700, Fribourg,
Switzerland
The selectivity of vibrationalexcitation by electron impact has been used to unambiguously assign the negative
ion states (resonances) of chlorobenzene and to settle a recent controversy on this subject. The excitation
functions of the ring deformation vibrations exhibit bands in the 0.8-1.4 range, identifying them as
temporary electron captures in the and orbitals. A broad band peaking at 2.6 appears in the
excitation functions of the C-C1 stretch vibration but is missing in the excitation functions of the ring
deformation vibrations, proving that it corresponds to a temporary electron capture in the orbital. A
more detailed insight into the properties of the potential surfaces of the anion is gained from the excitation 
functions of many vibrations, and from their comparison with anion potential curves based on the Koopmans 
theorem. Slopes of the potential curves in the region reproduce well the observed intensitiesof
totally symmetric vibrations. Strong excitation of out-of-plane vibrations, corroborated by the calculations, 
reveal vibronic coupling of the and the o* anion states. The state and the o* state are coupled by
vibrations with symmetry. Excitation of in-plane non-totally symmetric vibrations reveals vibronic
coupling between the two states and a2, which is also reproduced by the calculated potential curves. The
results indicate that symmetry lowering induced by vibronic coupling provides the path for dissociation of the
R* states of the chlorobenzene anion.
Introduction
Dissociative electron transfer to halogenated aromatic hydro-
carbons
is an important step in electrochemistry and in 
substitution1"and is as such of industrial and ecological rele-
vance.The same reaction in the gas phase, the dissociativeelec-
tron attachment may serve as a prototype for the
condensed phase reaction and is by itself important in low
pressure plasmas. 
The verticalelectron attachment to chlorobenzene in the gas
phase is endothermic. The electronic states of the negative ion
intermediate involved in the dissociation have thus enough
energy to spontaneously lose (detach) the extra electron, and
are called temporary negative ions or Their ener-
gies in organic compounds can be determined by the electron
transmissionspectroscopy where the resonances appear
as variations of electron current transmitted through a cham-
ber filled with a diluted Burrow et al. have applied ETS
to chlorobenzeneand found a strong band at 0.7 followed
by a much weaker band at 1.15 They argued that the two
R* states of the anion are nearly degenerate, lying near 0.7
and that the 1.15 structure arises from a vibronic interac-
tion between these two states. They further observed a broad
band at 2.4 in the transmission spectrum and assigned it
as a temporary occupation of the o* orbital by analogy with 
a similar band in vinyl chloride. This assignment was sup-
ported by the calculation of the energies of the virtual orbitals
and the application of the Koopmans The DEA
spectrum of chlorobenzene has an intense band near 1 
According to the above assignment this DEA must pro-
ceed via vibration-induced dissociation of the states, the 
direct dissociation being symmetry forbidden in the sym-
metry group. It can thus be viewed as an electroncapture into
a R* orbital, followed by a vibration induced intramolecular
electron transfer into a o* MO and then by dissociation. This
is in contrast to chloride, where the o* orbital on the
dissociating bond is a part of the orbital and a faster
direct dissociation 
Clarke and Coulson presented early potential curves for the
chlorobenzene anion, pointed out the symmetry-forbidden
nature of the dissociation and implied an energy barrier in
the dissociation The fact that the onset of the dis-
sociative electron attachment signal occurs at about the same
energy as the first electron transmission band indicates, sur-
prisingly, that in reality there is no such energy barrier.
diarov et estimated the rate in the
presence of the barrier and argued that it can not be fast
enough to explain the observed large DEA cross sections. As
a possible explanation they then suggested that the assignment
of the and o* states in chlorobenzene should be reversed,
the resonance in the 0.7-1.15 range being o*,so that direct
dissociation is possible. This would imply that the Koopmans 
theorem fails in chlorobenzene. Modelli and Venuti subse-
quently used ETS measurements and theoretical calculations 
to defend the original The limitation of the
ETS method is, however, that it provides no direct experimen-
tal indication of whether an anion state is o* or R*.A number 
of theoretical publications were concerned with the potential 
hypersurfaces of chlorobenzene and its anion. In a recent work 
Beregovaya and calculated a number of local
minima and saddle points on the anion hypersurface, consid-
ered several modes of vibronic coupling, and proposed an
out-of-plane bend of the C-C1 bond as the primary way of
mixing the and the o* states and providing a path
towards dissociation with a very low or no barrier.
Published in "Physical Chemistry Chemical Physics 4: 3583 - 3590, 2002"
which should be cited to refer to this work. 
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Fig. 1 Qualitative potential curves of a neutral molecule (dashed)
and a short-lived anion (solid), illustrating the various methods of
resonant vibrational excitation by electron impact. The ground state 
vibrational wave packet is promoted to the anion potential surface
upon attachment of an electron (upward arrow). The packet then 
relaxesduring the short lifetimeof the anion. The relaxed wave packet
(short dashes) is projected into various final vibrational states (down-
ward arrow) upon the spontaneous electron detachment.
The present work uses the selectivity of resonant vibrational 
excitation to provide direct experimental evidence for the
assignment of the observed resonances to the o* and the
states. It has been shown that vibrational excitation even in
large polyatomic molecules can be very The cross
section (intensity) of the resonant excitation of a given vibra-
tion is related to the slope of the potential surface of the nega-
tive ion state in question with respect to the normal mode of
that The selectivity of the vibrational excitation
thus provides evidence of the bonding and antibonding prop-
erties of the temporarily occupied molecular orbital, providing
a direct indication of the assignment, a method pioneered by
Walker et al. in The mechanism of the resonant
vibrational excitation is illustrated in Fig. 1. The attachment
of an electron brings the nuclear wave packet to the potential
surface of the anion, as indicated by the upward arrows. A 
repulsive anion potential, such as the case (b) in the figure, per-
turbs the nuclear wave packet during the short lifetime of the
negative ion, resulting in a vibrationally excited neutral mole-
cule after the detachment of the electron. Attachment of an
electron into an MO which is neither bonding nor antibonding 
along a certain normal coordinate, resulting in a negative ion
potential such as the case (a) in Fig. 1, does not lead to vibra-
tional excitation, and the anion thus does not give rise to a
band in the excitation function of this vibration. A repulsive
potential is not the only possibility for vibrational excitation,
however. Vibrational excitation is obtained also in the case 
of a double minimum potential such as the case (c), where 
the wave packet splits and flows down on the both slopes of
the ridge. It even suffices when the anion potential is substan-
tially flatter than the potential of the neutral molecule and the
wave packet spreads during the lifetime of the resonance (case
A very flat or double minimum shapes of potentialcurves
are generally consequences of vibronic coupling, the role of
which has been studied theoretically for temporary anions by
Estrada et al. At first one may expect that only even quanta
of vibrations are excited in cases (c) and because the relaxed
wave function remains totally symmetric. The breakdown of
the approximation which accompanies
the vibronic coupling causes the excitation of a single quantum
and higher odd quanta as well, however." The role of the
intermediate negative ion in resonant vibrational excitation
by electron impact resembles to some extent the role of the
intermediate excited state in resonant scattering.
The method of characterizing ground and excited states of
anions by means of vibrational excitation functions suffered
until recently from the fact that the relatively low resolution
of the electron spectrometers did not suffice for the separation
of the individual vibrations in larger molecules and the spec-
trometers often could not reach the very low energies where 
the negative ions of larger molecules are found. Progress has
recently been made in both aspects and the present study 
employs the improved instrumentation for a thorough study
of the electronic states of the anion. We first
analyze the spectra using qualitative arguments, not relying
on theory, in particular not relying on the use of the
mans theorem, to derive an assignment of the o*and states
of the anion. In a next step we derive more detailed informa-
tion on the dynamics of the various states of the anion by com-
paring the observed excitation functions with potential curves
based on the use of the Koopmans theorem. Finally, the disso-
ciation channel of the states of the anion is exploredin light
of the experimental results using the model.
Experiment
The spectra were recorded with an electron spectrometer using
electrostatic hemispherical The performance of
this instrument has recently been improved-bettercompensa-
tion of residual electric fields in the collision allows
even at very low energies and the resolution is about
10
The experiment has two steps. An electron energy loss
trum is recorded first. In the present case the spectrum is
recorded at a constant energy above the excitation thresholds, 
that is, the analyser is set to pass scattered electrons of a fixed
residual energy and the energy of the incident electrons is
swept. The spectrum shows an overview of which vibrational
states are excited, that is of the selectivity at the given (resi-
dual) electron energy. The details of the excitation process
are measured in the second step, where the efficiency (crosssec-
tion) for the excitation of a given vibration is recorded as a 
function of the incident electron energy Both the incident 
and the residual energies are swept, their difference being kept
constant and equal to the energy of the vibrational state whose
excitation function is recorded. Bands in such an excitation
function correspond to states of the negative ion, more pre-
cisely to those states where the potential surface has a slope 
(or is otherwise distorted-see Fig. 1) with respect to the nor-
mal coordinate of the vibration being excited. A given state of
a negative ion thus appears more or less strongly, or is even
missing, in excitation functions of different vibrations. This 
additional information provides a 'tag' on each band, giving
indication of the nature of the state. 
The spectrometer has a small Wien filter in front of the
detector, capable of separating scattered electrons and ions 
from DEA. Tuning this filter to pass ions permits recording 
of ion (in thiscase yields as a function of incident electron 
energy, that is, of dissociative attachment spectra.
All spectra were recorded at a scattering angle of to
reduce vibrational excitation due to the direct, dipole scatter-
ing, which peaks in the forward direction, and thus to enhance
the resonant scattering, which is of interest here. The sample
gas was introduced through a 250 diameter nozzle, whose 
temperature was about 30
Results
Qualitative interpretation
Fig. 2 shows a typical electron energy loss spectrum, providing 
an overview of the vibrational states excited. It has been
recorded at constant residual energy, all bands are recorded
0.8 above excitation thresholds. The incident energy varies,
but remains within the 0.8-1.2 resonance region. The vibra-
tional peaks are assigned and labeled according to the scheme
of reproduced in Table 1. Closely spaced vibrations,
for example a and c, k and 1, can not be separated even with
the present resolution, but this remaining band overlap does
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0.0 0.2 0.4
Energy Loss
Fig. 2 Electron energy loss recorded with a constant resi-
dual energy = 0.8 Energies selected vibrational states 
(Table are indicated above the Superelastic peaks are seen
to the the elastic peak.
Table I Experimental vibrational energies in ordered accord-
ing to the vibration
Label E
C-H stretch
C-C stretch
C-H in-plane
Ring breathing 
C-H out-or-plane derormation 
Ring out-or-plane derormation
Ring in-plane
stretch
C-Cl in-plane
out-or-plane derormation 
of as will be
below.
Before the of
more we besides
due to temporary of an to
represent subject of work,
of a
just above threshold. These 
peaks' were polar
molecules2'
role of molecules
a paper on
0 1 2 3 4 5 6
Incident Electron Energy 
Fig. 3 Cross sections exciting the vibrations q and as indi-
cated on the right. The vibrations given in parentheses lie close in
energy and overlap partly with the main vibrations. 
Threshold peaks are in most of
presented but will be further discussed.
selectivity of is par-
ticularly well illustrated on excitatioil of
p in Fig. 3. p is
totally symmetric must be excited
by temporary to orbitals, located 
on the with respect to the C-C bonds,
but by to the orbital,
is located on C-C1 bond. is also totally 
symmetric but is, according to "X-sensitive"
X is a in a series of
it an appreciable of C-Cl stretch. It will
therefore also be excited by temporary to
orbital, located on, respect to,
C-C1 bond. The the broad peaking at 2.6 is
prominent in of but in
of p identifies it positively as due
to state of 0.8
4.5 must be due to states of anion.
The k 1overlap, of
be recorded. Both 
a C-C stretch are located on is
that the is in the func-
tion. low is broader, however,
of cause vibratioilal excita-
tion At qualitative stage of it is
possible to decide is A theoretical
below favors
below is, in to
above of to states,
unambiguous.
resulting of states of
is in Fig. 4. agrees in
features with of Modelli
This that low reductive of
must be due to of states,
symmetry group, to direct
of state. It is
no in terms of applicability of model
with empirical its are correct
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Fig. 4 Schematic diagrams of the orbitals temporarily occupied in
the chlorobenzene negative ion. Vertical attachment energies AE, in
experimental and using the Koopmans theorem with
orbitals and the empirical scaling of ref. 25 are given.
about 0.3 for the three low-lying states, as in virtually all 
cases where it has been tested.
Potential
Encouraged by the qualitatively correct predictions made by
the scaled Koopmans model we shall use it to calculate poten-
tial curves for the chlorobenzene anion and attempt to under-
stand qualitatively the relative intensitiesof the anionic bands 
in the excitation spectra of various vibrations. As recently reit-
erated by Sommerfeld (on the analogous case of organic
the coupling to continuum makes the calculation of
temporary anions much more difficult than the calculation of
excited states of positive ions or neutral molecules. A correct
treatment, even in the simplest form, the 'local complex poten-
tial' model, describes the potential by a real part, the energy,
and an imaginary part, describing the strength of the coupling
to the continuum, that is the autodetachment Both the
real and the imaginary parts are a function of the nuclearcoor-
dinates. The local complex potential approximation fails to
describe phenomena near the excitation threshold and even
more elaborate 'nonlocal' models are then The
parametersof even the simpler local approximation can at pre-
sent not be calculated initio for molecules of the size of 
chlorobenzene, however. We therefore revert to the Koopmans 
model with empirical scaling to approximate the real part of
the potential curve which permits a qualitative correlation of
band intensities with slopes of the potential curves.
We take the SCF energy as a function of the normal coordi-
nate to approximate the potentialcurve of the neutral
benzene and add the scaled virtual orbital energies to obtain
the potential curves of the anion. This method neglects the
core excited resonances. They may be expected at energies
close to the energies of the excited states of chlorobenzene,
around 4-6 that is above the energies of primary interest 
in this work. In fact, admixture of core excited configurations
could be the reason why the Koopmans model works less well
for the state than for the lower lying states. Thecore excited
resonances lead to only weak vibrational excitation (they
appear more prominently in the excitation functions of electro-
nically excited states, see the example of benzene3? and their
neglect is thus not a serious drawback for the present work. 
The Koopmans method takes into account vibronic coupling
between the shape resonances, but neglects vibronic coupling
with the core excited resonances, which may occur at higher
energies. The exact result of the Koopmans model depends
on the basis set and the empirical scaling parameters. For con-
sistency with our earlier work we use the basis set and
the scaling parametersof Chen and This choice leads
to an artifactual near degeneracy of the and states
(Fig. 4). The experiment indicates that in reality these two
states are split by a small amount, although the observed split-
ting could be primarily of vibronic origin as discussed in more
detail below. The basis set choice of and gives a
slightly larger splitting of 0.05 The splitting is a result of
two opposingeffects, the inductive stabilization of the
by the electronegative chlorine, whereby the MO is stabi-
lized more since it has a large coefficient on the carbon adja-
cent to and the conjugative destabilization of the
MO by the occupied orbitals on chlorine. The fact that
the exact magnitude of the splitting and perhaps even the
ordering of the states is not correctly reproduced by the calcu-
lation is thus understandable and not alarming. The near 
degeneracy of the Koopmans energies is misleading when
observing the potentialcurves, however, and to improve clarity 
and to increase consistency with the experiment the energies
are shown lowered by 0.04 and energies raised by 0.04
in all the curves in this work. Since the two states are strongly
mixed by vibrations of symmetry, the choice of the ordering 
in the equilibrium geometry of chlorobenzene and the exact
size of the splitting at this geometry do not affect the qualita-
tive conclusions derived from the potential curves.
The vibrational modes were calculated within the density
functional (DFT) and the (HF) models
for neutral chlorobenzene. The normal mode displacements 
represented as arrows3' are shown above the potential curves
in the figures. They were extrapolated linearly for the calcula-
tion of the potential curves. The potential curves for the vibra-
tions and p, shown in Fig. 5, conform to the qualitative 
expectations described above. The o* potential curve has a 
steep slope in the region for the mode but
mimics the ground state potential curve for the mode p,
explaining the prominence of the o* band in the excitation 
function of the former, and its absence in the later mode.
The slopes of the potential curves are small for both the
-4 0 4 -4 0 4
Normal Coordinate 
Fig. 5 Potentialcurvesand normal modes for the vibrations q and p.
The dashed curves refer to the ground state of neutral chlorobenzene,
solid curves to the states of the negative ion.
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p y modes, the weakness of the
functions. The of a the
on slope of curve,
but also decreases rate
short towards does
tlal of the wave packet. The
very towards because of
of lower waves.
is completely
of p whereas the weakly pre-
sent p y small
slopes.
The curves for k 1 are 
6. of
of 3 well of
tlal curves an slope
of also well
Both curves steep slopes for
mode k are by
for the mode 1-both lead to
1 couples two of
low-lymg = of the
molecular
two rotate by a
of the The wave thus
vanes as a of a
of a
for a breakdown of
overlap of k 1
does not, allow to see the spectra 
-4 0 4 -4 0 4
Normal Coordinate
Fig. 6 Potential curves and Tor the vibrations k and 1.
The a' and labels in the right panel to the anion dis-
torted along the I mode, in the group. The short
dashed curve in the right panel has been obtained as the anion 
energy with the vertically to lit the verti-
cal position the curve).
-4 0 4 -4 0 4
Normal Coordinate
Fig. 7 Potential curves and Tor the vibrations d and
slope the mode k or vibroilic
the mode 1, is more important. Fig. 7 shows the 
curves for j overlap to some degree 
with p discussed above. All curves
mimic curve of
two are expected to be excited.
x y are very loss
spectrum of 2, because they are totally
allowed by the first order
symmetry rules. of
10 are by lower
of two resonances. Both are out-of-plane
symmetry , that they couple 
the a resonances. effect of
is clearly curves of 8.
of b the a curves for
x y modes
to cause a double but makes
curve very flat, of
as case of 1.
the lower of the two more
spectra of 10 that
affected by the
of the states is below
geometry of 
is Fig. 4. Note particular
x does overlap
the effect of coupling is, in to case of
the 1 discussed above, unambiguously.
Fig. 9 shows the curves for the 
t w. potential curve a large slope with 
respect to the mode t,
in of Fig. 10. w couples
the the would expect 
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-4 0 4 -4 0 4
Normal Coordinate 
Fig. 8 Potentialcurves and normal modes for the vibrations x and y.
-4 0 4 -4 0 4
Normal Coordinate 
Fig. 9 Potentialcurves and normal modes for the vibrations t and w.
Incident Electron Energy 
Fig. 10 Cross sections for exciting the vibrations indicated. 
the band in the excitation function. The measured excita-
tion curve does have some intensity in the 1-1.5 range, the 
signal does not have the form of a distinct band, however,
because it connects to the o* band on the high energy side.
Figs. 11 and 12 show the excitation function and the poten-
tial curves for the overlapping vibrations a and c. Both the 
and the potential curves have some slope in the
region along the normal coordinate of a, in line with 
the fact that both bands at 0.8 and 1.2 are observed in
the excitation function. Fig. 11 also shows the yield of ions
recorded with the same instrument by tuning the Wien filter to
pass ions instead of electrons. The band is clearly broader than
the band in, for example, the excitation functions of the
vibrations q, p or y, indicating that the upper branch of the
resonance is also involved. No two distinct bands can be
discerned in the yield spectrum, however. The onset of
the signal is more gradual than would correspond to the
resolution of the instrument (around 7 in the incident
beam), presumably because of hot bands. Thermal population
0 1 2 3 4
Incident Electron Energy
Fig. 11 Cross section for exciting the vibration a and the yield of 
ions.
yield
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results for the is
Normal Coordinate 
Fig. 12 Potential curves and the vibrations a and c.
of low symmetric is out
in the loss spectrum of Fig. 2. are
likely to DA cross section. 
The study is by two examples of
of vibratioils the excitatioil of the
C-H stretch in Fig. 13. The is
in the excitatioil of 2q is
in the excitatioil of the vibration, with
ill
.
Y
ill
0 1 2 3 4 5 6
Incident Electron Energy 
Fig. 13 Cross sections exciting the vibrations indicated on the
right.
weaker to the 2q exa-
m the as expected from shorter
of resonance. The
C-H with the 
from the of MO 4,
tlus MO respect to
C-H lengths.
we out on the 
model. As for example
ref. 26 such are for
temporary rely on the fact the outer
kept of the molecule by
the of the set set As a con-
sequence, calculated results are by
states on the of set used. 
problems are less for states at low
well below the pseudo-contmuum states, states
the weak. the case for our
resonances, the weak to revealed
by presence of structure the lowest
the spectra. We feel that the DFT model
correct results for the lowest state of
for we use In we use the DFT model to
explore becomes
the
We first addressed the of
by the model
agrees by the scaled
mails method. 6
models a curve a
double minimum. absolute of the
is better reproduced by the with
empirical by difference of the
molecule the model.)
We explored the of
a pat11 a
barrier towards a radical
an early pronounced symmetry
mixes states. Somewhat surprisingly, 
the most aspect of this symmetry lowering, at least
at an early stage of the with
state of the appears to be of part
of the molecule, particularly the atoms, resembling
closely the of the w (Fig. 9). This
mixes the The
occupied molecular orbital in Fig. 14) 
resembles a distorted MO (Fig. 4), mixed
MO. out-of-plane of C-C1
bond, which mixes MO's
be expected to be primary mode of mix-
ing, is calculated to be in later stages of the dissocia-
tion.
Conclusions
The selectivity of excitatioil permits an unambigu-
ous of states of
Fig. 14 Schematic diagram" the singly occupied orbital the
negative ion in an early stage dissociation.
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already a qualitative level of The
in 0.8-1.6 range, vibratioilal
ture, is to the two states. broad structureless 
at 2.6 is due to state with symme-
try. It is the does
on theoretical calculations. This agrees
with of the ETS spectra5."
from of
are correct.
verified the validity of the model as 
as the of the states is we used 
it to calculate curves of in func-
tion of various modes. curves
well observed excitation this agreement con-
firms, in qualitative validity of potential curves
from In particular, com-
bined theoretical approach reveals a
role of excited
states of the anion. of symmetry,
in particular the 1 studied in more detail here, couple 
the low-lying states to double-minimum
curves. of symmetry, in particular
x y studied here, couple state
the state, to very fiat curves with 
respect to out-of-plane of sym-
metry, in particular the w studied couples
state with state, also to a very
potential curve respect to of the
the axis of the C-C1
The shape of in the spectra 
of vibratioilal used as a
of its In it appears to have two 
components, 0.8 1.2
The lower is seen, at least weakly, the of all vibra-
tions, the upper in some The selectivity appears
to below at geometry of
but evidence is conclusive.
calculated potential curves that the two states
are very by that
of the observed splitting is due to by
by a of at
the equilibrium geometry of in agree-
ment with the already ref. 5 . The
of fast 'hop-
ping' of from surface to so
proceeds from both is
very relevant.
The of the yield with first vibratioilal 
feature of the lowest state spectra. This 
to an (within about 0.05
of of an barrier the dissociatioil path. This
is in view of fact from this state
is symmetry , the of
diarov as how to explain unexpectedly efficient
though symmetry dissociation. Our of
the states of does support their propo-
sition that the of the 0.8-1.4
2.6 should be reversed, however. Our work
that the lies
lowers the symmetry of the reduces the
the path to a degree as to provide a
without energy.
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